Hereditary hemochromatosis is an iron metabolism disorder that leads to excess iron buildup, especially in the heart, liver, and pancreas. Mutations in the HFE gene are the single most common cause of hereditary hemochromatosis, which can be treated effectively if diagnosed early. Patents cover the HFE gene, related proteins, screening methods, and testing kits. Most initial testing for hereditary hemochromatosis is biochemical, but HFE deoxyribonucleic acid testing or genotyping is used to confirm a diagnosis of inherited hemochromatosis. Concerns over patents covering HFE testing emerged in 2002, when scholars argued that exclusive licensing and the patent-enabled sole provider model then in place led to high prices and limited access. Critics of the sole provider model noted that the test was available at multiple laboratories before the enforcement of patents. By 2007, however, Bio-Rad Limited, acquired the key intellectual property and sublicensed it widely. In part because of broad, nonexclusive licensing, there are now multiple providers and testing technologies, and research continues. This case study illustrates how both changes in intellectual property ownership and evolving clinical utility of HFE genetic testing in the last decade have effected the licensing of patents and availability of genetic testing. Genet Med 2010:12(4):S155-S170.
H ereditary hemochromatosis (HH) is an autosomal recessive disorder that results most often from mutations in the HFE gene, [1] [2] [3] which regulates iron absorption. HH caused by functional mutations in the HFE gene is commonly referred to as HH type 1. Mutations in the HFE gene place the individual at an increased risk for developing symptomatic HH, an iron metabolism disorder that leads to excess iron absorption from the diet, particularly in males. Because the body lacks a natural way to rid itself of the excess iron, it accumulates over time, resulting in organ damage, particularly in the heart, liver, and pancreas. In extreme cases, hemochromatosis can even lead to death, usually as a result of heart or liver failure.
Early detection of the disorder, and thus earlier treatment by phlebotomy (repeated blood draws), can greatly mitigate its effects and allow HH patients to live normal, healthy lives. 4 HFE testing in combination with a patient's family history and physical health record can provide guidance for clinical interventions or lifestyle changes that a patient would not have without genetic testing. Testing for the presence of HFE gene mutations can also help physicians to identify patients experiencing characteristic symptoms of the disorder, clarify their diagnosis, and sometimes prevent irreversible organ damage.
HH is a candidate for genetic screening for many reasons. First, the mutations associated with HH are present at birth, whereas characteristic symptoms of hemochromatosis as a disease usually do not develop until mid-adulthood, beginning in an individual's 40s and 50s. In addition, the variability and nonspecific nature of symptoms can make diagnosis difficult, raising the possibility that patients, especially those with no family history, may be diagnosed too late. Therefore, an early, specific diagnosis allows for an effective treatment plan. Second, unlike some hereditary disorders, a limited number of genes are associated with HH that can be tested for mutations to determine a patient's risk. Finally, HH is among the most common recessive genetic traits in some populations of Northern European descent, resulting in a relatively high carrier frequency. Between 1 in 200 and 1 in 400 people of Northern European descent, or 0.5% of this population, is homozygous for the HFE mutation and thus at high risk of developing clinical hemochromatosis. 5 The estimated carrier frequency of HFE mutation is 1 in every 8 to 10 individuals of Northern European ancestry. 6 The reason for higher population frequency in Northern Europe is not known. One intriguing, but still speculative, theory posits a survival advantage among those with HH mutations in resisting infections causing plague and other diseases prevalent in Europe. 7 Another hypothesis, which is not incompatible, is coselection of hemochromatosis and certain major histocompatibility loci involved in immune function. 8 Despite this, universal genetic screening has not been recommended for several reasons. First, presence of the mutation does not mean that the individual will develop HH. Although testing may assist physicians in diagnosing HH when a patient is presenting characteristic symptoms, presence of the mutation merely indicates one's susceptibility to iron overload and not the certainty of disease for those who are asymptomatic. The symptoms of HH are highly variable among homozygotes (those in whom both chromosomal copies of the HFE gene have hemochromatosis-associated mutations). Some are completely asymptomatic, others are severely affected. Several studies provide evidence that the penetrance of the HFE mutations, or the chance that those with the mutations will have HH symptoms, is lower than first estimated and highly variable. 3 The disease is also rarer in nonwhite populations. Homozygous mutation levels are 0.27 homozygotes per 1000 Hispanic individuals, Ͻ0.0001 homozygotes per 1000 Asian American individuals, 0.12 homozygotes per 1000 in Pacific Islanders, and an estimated 0.14 homozygotes per 1000 in African American individuals. 9 The American College of Physicians (ACP) does not recommend genetic or phenotypic (using biochemical tests) screening for HH in the asymptomatic general population. 5 The U.S. Preventive Services Task Force similarly found insufficient evidence to support broad population genetic screening. 9 Finally, the current price of the genetic diagnostic tests also makes their use as an initial screening procedure for HH prohibitive. Current practice is to identify symptomatic individuals using nongenetic tests that measure iron overload, followed by genetic testing for specific diagnosis and to detect cases in families once an HH proband is identified.
HH is a natural case study for studying the impact of intellectual property (IP) on patient access to genetic testing. Patents exist on the HFE gene, its related protein, genetic screening test methods, and related testing kits (Appendix 1). Additional genes linked to rarer forms of HH are also patented.
The impact of these patents and their licensing on access to testing for HH type 1 is complicated not only by the generally subordinate role of clinical genetic testing in hemochromatosis but also by the complex history of ownership of these patents. Despite an initial controversy about patenting, HFE genetic testing appears to have been adopted in clinical practice and much of the heat may have drained from the public debate. The path to the current state, however, involved transitional periods of turbulence that centered on exclusive licensing of a genetic diagnostic test.
One distinctive feature of this case is how HFE testing has evolved over time. HFE genetic testing illustrates how patent ownership and use by different patent-holders can affect licensing. HFE patent rights were transferred many times, and use and licensing policies changed over time. A 2002 Nature article, written when the licensing schema was based on exclusive licensing and a single-provider model, judged that HFE genetic testing "failed the test" of socially optimal access. In 2007 and 2008, compared with 2002, we found little controversy surrounding HFE genetic testing, and the licensing model has evolved to include several providers and sublicensing for use on different platform technologies. The past licensing practices of SmithKline Beecham Clinical Laboratories (SBCL) (exclusive licensing model) were controversial, but the current owner of patent rights, Bio-Rad Ltd, appears to have adopted a broad sublicensing model that has resulted in broader clinical and patient access and less public conflict.
HFE genetic testing in the context of HH also shows how genetic testing is part of a larger set of diagnostic tools addressing a clinical syndrome. The clinical utility of those tools, including genetic testing, evolves over time. Growing knowledge about the uncertain penetrance of HFE mutations required additional research to determine the clinical significance of different HFE mutations, and other factors influencing expression of disease. These studies demonstrated a much lower clinical penetrance of HFE mutations than first expected, suggesting that the mutations alone were poor predictors of developing clinically significant hemochromatosis. Population screening was more likely to be pursued, if at all, by chemical or protein assays rather than genetic testing-with genetic tests finding more limited use in confirmatory diagnosis and family risk assessment once an index case is found. This most likely had a significant impact on interest in investing in patent enforcement, because the market for HFE genetic testing became much smaller when general population use seemed highly unlikely.
LESSONS LEARNED

Research
• The Mercator Genetics business plan was centered on the identification of candidate genes for a number of complex diseases including asthma, schizophrenia, cardiovascular disease, and prostate cancer, all of which presumably had a diagnostic market. The prospects of patents and revenue from diagnostic testing for HH probably stimulated research at Mercator Genetics. However, Dr. Dennis Drayna, cofounder of Mercator Genetics, notes that the company was conceived and initially funded on an agenda much broader than hemochromatosis gene discovery or diagnostic testing alone. Discovery of the HFE gene was nonetheless Mercator's signature success.
• The "race" for the HH gene was won by Mercator Genetics with the publication of an August 1996 Nature Genetics article. Two additional groups (one in France and another in Australia, which were both in nonprofit institutions) were pursuing similar approaches to candidate gene identification and would likely have been successful in their efforts within months. However, the scale and focus of the positional cloning effort at Mercator, enabled by private R&D investment, probably gave their research group a competitive advantage.
• The patent applications filed by Mercator Genetics predated the submission of related manuscripts by nearly a year. 10 It is unclear, however, if this delay resulted from scientific issues, patenting activities, corporate strategy, or commercialization efforts by Mercator. It remains possible that such a delay may be the consequence of factors unrelated to patenting, such as the need for additional research or data before submission to peer-reviewed journals, journal requests for additional data and experiments, delays in peer review, etc. Dr. Dennis Drayna, a senior author of the Nature Genetics article, indicated that the latter was in fact true, and that Mercator Genetics made every attempt to expedite simultaneous article submissions and patent filings.
• Concerns regarding inhibition of research because of the HFE gene patents do not seem to be supported. Substantial basic research, including identification of genes and mutations associated with other types of hemochromatosis has continued. Similarly, research on improved methods for detection of HFE mutations has also progressed. The adoption of broad sublicensing practices by Bio-Rad Ltd, has facilitated commercial research and development efforts focused on alternative methods for HFE mutation detection.
for test development. However, no test was marketed before Mercator went out of business and merged with Progenitor.
• IP ownership alone did not provide incentive for test development. As reported by Merz et al., 10 laboratories were able to develop in-house testing and offer it as a clinical service soon after information of the gene sequence and its associated mutation had been made public and well before the patents were granted. • HFE patents do not appear to have blocked commercial development of additional methods of HFE testing using different platform technologies. For instance, Bio-Rad Ltd granted a nonexclusive license to Nanogen Ltd for detection of the C282Y and H63D mutations using the NanoChip TM System. We cannot assess whether alternatives were unimpeded in all cases, but at least some alternatives have developed. The patent-associated fees may have discouraged some laboratories from entering the market, but testing is widely available from multiple sources. One external reviewer of an early draft of this case study noted that he was aware of at least one potential HFE test developer who decided not to develop a test because of the up-front payments to BioRad.
Commercialization
• Several nonprofit and for-profit laboratories offer HFE testing for a fee. It is unknown how many providers have acquired a sublicense from Bio-Rad for tests developed in-house or use the Bio-Rad analyte specific reagents (ASRs) (in which case a sublicense is built into the purchase).
• It is unclear how much of the price variability among different providers (list price for mutation analysis ranges from approximately $158 to $500) can be attributed to license/royalty fees as opposed to variable overhead costs or costs associated with different testing methodology/ platforms.
Communication and marketing
• Patents have had little to no impact on the communication and marketing of HFE testing.
• There is no evidence that HFE mutation testing was ever marketed directly to consumers by Mercator Genetics or subsequent holders of HFE patent rights.
• Information on promotion of HFE testing by Mercator Genetics among clinicians and other medical professionals is also unavailable. Similarly, it is unclear if SBCL and Bio-Rad Ltd engaged in specific marketing activities to increase utilization of the test by consumers or health care providers.
• Independent campaigns by the Hemochromatosis Foundation, the American Hemochromatosis Society (AHS), the American Liver Foundation, and the Centers for Disease Control and Prevention (CDC) have sought to increase awareness of HH screening and HFE genetic testing among patients and medical professionals. 11 The organizations promoting awareness are not the patent-holders, and the motivation appears to be public health awareness.
• Direct-to-consumer testing is also available from DNAdirect.
Clinical adoption
• Adoption of testing was rapid. As reported by Merz et al., 10 adoption began nearly 17 months before the first patent was issued.
• In a survey of testing providers, Merz et al. 10 
Adoption by third party payers
Patents do not appear to have had a direct or significant effect on decisions to cover the test by public or private insurance providers. A number of insurance companies cover genetic testing for HH when "medically necessary."
Consumer utilization
There is little evidence bearing on the impact of patents on consumer utilization.
Patent enforcement activities by SBCL led to the discontinuation of testing in some laboratories. Other laboratories reported being deterred from developing an HFE test by patent enforcement activities. However, most laboratories did continue offering the test as a service. The effects that the reduction in number of laboratories had on patient access or consumer utilization cannot be determined.
HFE testing currently appears to be widely available. A large number of clinical laboratories offer the test in the price range of $158 to $500. Consumers can also access testing independent of physicians through DNAdirect. The price offered by DNAdirect ($199) is less than that listed by many clinical laboratories and includes genetic counseling services.
The test is covered by several insurance providers when patients meet the eligibility criteria for testing. In the absence of quantitative data on how many tests are ordered per year and when and how often insurance coverage is denied, it is unclear to what extent third party adoption affects consumer utilization. The effect of patents on such coverage decisions, if any, was not mentioned by those offering tests or seeking reimbursement for them, and was not noted in payer coverage or reimbursement policies.
BACKGROUND
The clinical syndromes of HH relate to the excessive deposition of iron in various organs. Although healthy people usually absorb about 10% of the iron contained in their diet to meet their bodies' needs, those with HH absorb more. Chronic iron absorption may lead to a variety of symptoms. The most common symptoms include joint pain, fatigue, lack of energy, abdominal pain, loss of sex drive, and heart problems (including both arrhythmia and cardiomyopathy, or loss of cardiac muscle function). Men are more likely to experience symptoms and experience them earlier in life, between the ages of 30 and 50. Women affected by HH are usually symptomatic after the age of 50. The lower rates of HH in younger women are attributed to the protective effect of physiological blood loss associated with menstruation. 12 HH begins as mere iron overload, but over time this overload can result in more serious disease through organ failure. Without early detection, the accumulated iron in various tissues may lead to:
• Arthritis (due to joint damage).
• Liver failure and cirrhosis (death of liver cells followed by scarring).
• Pancreatic damage that can possibly include diabetes (Dr.
Paul Adams cautions "that this area remains controversial since screening studies have not shown an increase in prevalence of diabetes. Several metabolic studies have suggested that the diabetes seen in hemochromatosis is more often insulin resistance of cirrhosis" [P. Adams, University of Western Ontario, personal communication,
2008]).
• Problems with digestion (due to loss of pancreatic enzymes and paucity of fat-absorbing bile pigments produced by the liver).
• Heart abnormalities such as irregular heart rhythms or congestive heart failure.
• Impotence.
• Early menopause.
• Abnormal pigmentation causing the skin to appear gray or bronze.
• Thyroid deficiency.
• Damage to the adrenal gland.
• Infrequently, liver cancer.
There are several known types of HH. 3 The most common form, type 1, affects adults and is usually caused by a defect in the HFE gene. Type 2 or juvenile hemochromatosis, which is not associated with the HFE gene, leads to severe iron overload and liver and heart disease in young adults between the ages of 15 and 30. Unlike adult-onset HH, juvenile HH affects males and females equally. Similarly, types 3 and 4 of HH are not associated with HFE mutations and they are much rarer.
Because the symptoms of HH can arise from many causes, doctors often focus on treating the individual symptoms and may not identify the underlying HH. Many cases of HH are therefore undiagnosed. This problem of effective diagnosis could be partially solved by genetic screening tests that would easily detect the HFE mutation in symptomatic persons and through a systematic screening process that identifies those presymptomatic individuals with iron overload. Individuals with signs of iron overload could then be evaluated with genetic testing and other means for determining causes of iron overload. In most cases, either an environmental source of overwhelming iron intake (e.g., vitamin overdose, dietary practice, water supply, or environmental exposure) or a known genetic mutation would explain the iron overload.
GENES ASSOCIATED WITH HEMOCHROMATOSIS
The gene most commonly associated with type1 HH is HFE, located in the region of the gene HLA-A on chromosome 6. 9 There are two known mutations of the HFE gene that are most commonly linked to HH. The C282Y mutation is caused by a single base change, resulting in tyrosine replacing the normal cystine at position 282 of the HFE protein. C282Y accounts for almost 90% of HH cases. 5 Most patients are homozygous for the mutation, which is transmitted in an autosomal recessive manner. 2 Environmental factors and other genotypes also contribute to HH. 13 Another mutation, H63D, is the result of the substitution of an aspartic acid for a histidine at position 63. It is still unclear exactly how the H63D mutation is associated with HH. When H63D is inherited from one parent, it usually causes little increase in iron absorption and rarely leads to the development of hemochromatosis. Although most patients with a clinical diagnosis of HH are homozygous for the C282Y mutation, approximately 10% are compound heterozygotes carrying a single copy each of the C282Y and H63D mutations. 12 S65C is an HFE gene mutation tentatively linked to a mild form of iron overload. Other mutations with less frequency and/or low penetrance have also been described, including V53M, V59M, H63H, Q127H, Q283P, P168X, E168Q, E168X, and W168X. 14 Juvenile hemochromatosis, also called HH type 2, (subtypes 2A and 2B), is an autosomal recessive disorder not caused by a defect in the HFE gene. HJV, a gene located on chromosome 1q, was recently identified as the cause of HH type 2A. Juvenile HH type 2B is caused by mutation in the HAMP gene coding for hepcidin, a peptide hormone that has a key role in human iron metabolism. 14 The hepcidin protein hormone was initially called "Liver-Expressed Antimicrobial Protein" 15, 16 because its function appeared to be related to fighting fungal and bacterial infections (iron is essential to the inflammatory response to certain pathogens). HH type 3 is an autosomal recessive disease caused by mutations in the transferrin receptor 2 gene, TRF2. 16 HH type 4, which is an autosomal dominant disease, is caused by mutations in the SLC40A1 gene. SLC40A1 encodes for a protein implicated in iron intestinal export, ferroportin. 16 The remainder of this case study focuses on HFE, the gene most commonly associated with type 1 HH, and for which the patenting and licensing stories are best documented.
GENETIC TESTS FOR HEMOCHROMATOSIS
Several genetic tests are currently available for hemochromatosis. Targeted mutation analysis is the most common form of clinical genetic testing. This process tests for the presence of the two most common known disease-causing alleles in the HFE gene, C282Y and H63D. (Roughly 60 -90% of the persons tested with an HFE mutation will have two C282Y alleles whereas 3-8% will have one C282Y mutation and one H63D mutation while only about 1% of those with HFE mutations will have two H63D mutations present. Appendix 2 provides more information.) Different laboratories use different methods. Several common testing methods for the presence of the C282Y and H63D mutations were used by 90 U.S. laboratories in 2002. These include electrophoresis for restriction fragment length polymorphisms and size analysis (64% of laboratories), allelespecific oligonucleotide assay (11% of laboratories), allelespecific polymerase chain reaction and Amplification Refractory Mutation System (6% of laboratories), LightCycler (8% of laboratories), DNA sequencing (3% of laboratories), and other/ unspecified methods (8% of laboratories). 17 Linked linear amplification is another means of amplification of DNA to detect HFE mutations.
Some methods are more labor intensive than others, making them suitable only for research rather than diagnostic laboratories. Other methods accommodate the needs of large numbers of specimens requiring short turn-around times. In Canada and Europe, commercial suppliers can provide "kits" to clinical laboratories. However, because such kits used for clinical testing in the United States are regulated by the FDA, increasing the costs associated with development, analyte specific reagents (ASR) rather than test kits are routinely developed and marketed by biotech companies. Four biotechnology companies, Bio-Rad, Nanogen, LightCycler (a subsidiary of Roche), and Orchid Cellmark, provide reagents for the most commonly used methods of large-scale HH gene testing. A full sequence analysis can also be performed, usually to identify mutant alleles associated with HH that are not C282Y or H63D.
NON-GENETIC-BASED MEANS OF DIAGNOSING HEMOCHROMATOSIS
Currently, diagnosis of HH is often based on first-level biochemical tests, followed by second-level genetic testing. Biochemical methods are simple, fast, and inexpensive. The standard test is transferrin saturation (TS). This test determines how much iron is bound to transferrin, the protein that carries iron in the blood. Measuring a morning fasting TS level eliminates 80% of false-positive results. Values of 60% or greater in men and 50% or greater in women have an approximate sensitivity of 92%, specificity of 93%, and positive predictive value of 86% for detecting homozygous individuals with HH. 12 The above data are primarily from referral studies in which the TS test is embedded in the clinical diagnosis. In general population screening studies, where there is no referral for testing, the sensitivity of TS is much less. There is also a wide biological variability in the test. Fasting TS has also been shown to be of no increased value over random testing. 18, 19 The lack of a uniform cutoff percentage for the optimal detection of disease lowers the specificity and positive predictive value of the TS test. Another limitation of TS is that it is a two-step test and therefore more prone to error.
A second possible test is serum ferritin (SF). This test estimates the total body iron stores. Ferritin values Ͼ300 g/L in men and 200 g/L in women, suggest iron overload. However, ferritin can be falsely elevated as an acute phase reactant and does not become abnormal until iron loading has advanced because of liver involvement. 14, 19 Therefore, doctors should consider non-HH causes behind a patient's high SF levels if TS is not elevated.
A more recent biochemical method used to test for HH is unbound iron-binding capacity. Unbound iron-binding capacity is a one-step assay that has high sensitivity and has been suggested as a reliable and potentially inexpensive diagnostic test for HH. 20 Before the availability of mutation analysis, liver biopsy was the most common second-level diagnostic test for HH. Liver biopsy helps determine the extent of iron accumulation in the liver. However, the biopsy is more often used as a prognostic tool, to review the level of damage in the liver. 9, 21 Another nongenetic test used to diagnose HH is quantitative phlebotomy, 22 in which specified amounts of blood are drawn. Removing "4 g or more of mobilizable iron stores (16 phlebotomies, each removing 500 mL of blood [250 mg of iron per 500 mL]) before the development of iron-limited erythropoiesis confirms the presence of primary iron overload due to hemochromatosis." 22 If any of the tests described above suggest iron overload, HFE genotype testing is strongly suggested.
TREATMENT OF HEMOCHROMATOSIS
Unlike many other serious genetic disorders, hemochromatosis may be treated simply, safely, and inexpensively. The most common treatment for HH is phlebotomy, a process used to rid the body of excess iron. In phlebotomy, doctors remove a pint of blood once or twice a week for several months or more, depending on the iron levels. Phlebotomy has been widely adopted because it is inexpensive and safe and has clear face validity as a common-sense treatment for iron overload. Recent studies have demonstrated a reversal of liver fibrosis with phlebotomy treatment. 23, 24 Treatment for those who already have organ damage is more complicated. Although phlebotomy may stop the progression of liver disease in its early stages, those with more severe cases may need to seek a specialist. Phlebotomy will not cure other conditions associated with hemochromatosis, but it will help most of them, with the exception of arthritis, for which removal of excess iron has little effect.
CURRENT GUIDELINES FOR GENETIC TESTING
Clinical uses of genetic testing include confirmatory diagnostic testing, predictive testing for at-risk relatives, carrier testing to identify heterozygotes, and prenatal diagnosis (technically available but rarely performed). 6 The ACP clinical practice guidelines for the screening of HH state evidence is insufficient to recommend for or against screening for HH in the general population. 5 They recognize that the C282Y mutation is the most common predictor of whether the patient will develop HH but note that there is still no way of predicting which homozygous patients will develop HH. 5 For these reasons, the ACP leaves the decision whether or not to perform tests for HH to clinical judgment, based on: whether patients exhibit symptoms of the associated disorders; whether patients exhibit SF levels of more than 200 g/L in women and more than 300 g/L in men combined with TS Ͼ55%; or whether the individual has a family history of HH. Each factor increases the risk for developing the disease compared with the general population. 5 The ACP also encourages doctors to discuss the risks and benefits of genetic testing with their patients. This should include a discussion of the available treatment and its efficacy, as well as the social impact of disease labeling, insurability, psychological well-being, and as-yet-unknown genotypes associated with HH. 5 One observational study found that notification of indeterminate results from screening might pose a potential participant risk. Asymptomatic individuals who underwent HFE genotype testing, or were tested for HH using the SF or TS methods and were found to have elevated levels of uncertain clinical significance, reported diminished general health and mental wellbeing, and more health worries, than normal controls. 25 In another study, asymptomatic persons found homozygous or not for the C282Y mutation may develop unnecessary stress or false reassurance. 5 The ACP does acknowledge that the lack of information on the natural history of HH makes it difficult to manage patients with the disorder, the effects of which are modified by environmental factors including blood loss from menstruation or donation, alcohol intake, diet, and comorbid disease including viral hepatitis. 5, 9 The ACP considers future technological developments and genetic screening as potential aids in the management of the disease. 5 Finally, the ACP recommends more uniform diagnostic criteria.
The American Association for the Study of Liver Disease recommends genetic testing for all patients in whom there is a strong suspicion of iron overload. Such patients should have C282Y and H63D mutation analysis completed (Appendix 3). 12 
PATENTS AND LICENSING
Patenting of hemochromatosis genes
Bio-Rad Laboratories, Inc., is the owner and licensee of most of the patents relating to HH genetic testing and the HFE gene. In 1999, Bio-Rad bought many of those rights from Progenitor, which had retained the rights to HH genetic testing after the Mercator-Progenitor merger. Mercator was the initial patent owner and assignee.
Mercator scientists first identified the HFE gene in 1995-1996, along with the two mutations, C282Y and H63D, which were present in more than 80% of people suffering from HH. 26 In 1995 and 1996, Mercator applied for patents related to HFE and its mutations. The patents were issued at various times between 1998 and 2000 and covered the whole HFE gene sequence, a method for diagnosing the C282Y and H63D mutations within the HFE sequence, a method of analyzing C282Y and H63D HFE mutations, and a method of analyzing the mutation using a kit. Other patents in the same patent family and with the same group of inventors issued between 2000 and 2006 and were assigned to Bio-Rad. These patents included diagnostic methods for a panel of less prevalent mutations, which did not include C282Y or H63D. They also cover polypeptides related to the HFE gene, and the associated proteins. Another patent covers a method of diagnosis for TRF2, another gene related to HH (Appendix 1).
Some other patents pertinent to HH are not controlled by Bio-Rad, but they are far fewer in number. Billups-Rothenberg, Inc., (BRI), in San Diego, California owns a gene patent, US 6,355,425 "Mutations Associated with Iron Disorders," which covers a diagnostic method for a panel of HFE mutations including S65C, 193T, G93R, 277C, 105T, 314C but does not include C282Y and H63D. BRI has exclusively licensed this patent to Nanogen. The one HH gene patent owned by a nonprofit organization is assigned to Erasmus University in Rotterdam, Netherlands. This patent claims a method of diagnosis for SCL11A3, a mutation of the ferroportin 1 gene. We have been unable to determine if this patent was ever licensed. However, these patents may be less relevant to the case study because the predominant tests related to HH genotyping involve the mutations C282Y and H63D that are covered by the BioRad patents.
We recently became aware of pending litigation over some patents that cover testing for specific HFE mutations. BRI has filed a patent infringement suit against Utah-based ARUP Laboratories, which offers diagnostic testing for HFE. BRI claims ARUP Laboratories infringe three patents owned by BRI, US 5,674,681, US 6,355,425 and US 6,955,875. Patent 6,355,425 specifically covers methods to detect the S65C mutation, which is included in the panel of HFE mutations tested for by ARUP Laboratories. While ARUP Laboratories indicates on its website that it has a sublicense from BioRad, presumably for the C282Y and H63D mutations, it is not clear that ARUP Laboratories acquired a license from BRI for the S65C mutation. This case will be heard in May 2010, and it remains to be seen if the parties will choose to negotiate a sublicense agreement before a trial.
Licensing of HH genes
Merz et al. 10 published a report in 2002 highlighting the patenting of the HFE gene and the licensing practices of the Mercator/Bio-Rad patents. The authors argued that gene patents had a negative impact on clinical practice because of the high prices the patent owners commanded. According to the article, in the late 1990s, Progenitor exclusively licensed the patent rights to perform clinical testing of the HH mutations to SBCL for an up-front payment and guaranteed continuing fees worth roughly $3 million. The licensing agreement guaranteed that SBCL's exclusive license and payments to Progenitor would continue until a kit became available for use by clinical laboratories. In June 1998, after SBCL obtained the exclusive licensing for the clinical testing component of HH, it began informing laboratories of their possible infringement activities and offering sublicenses for an up-front fee of $25,000 to academic licensees and for 5 to 10 times that amount to commercial laboratories (Appendix 4). It also sought royalties as high as $20 per test. 10 After the sale of SBCL and the patent rights for clinical testing to Quest Diagnostics in 1999, the IP was not enforced again until Bio-Rad began offering ASRs in 2001.
When Bio-Rad acquired the portfolio of pending and issued patents covering HFE and its mutations from Progenitor in April 1999, it acquired them subject to the exclusive clinical-testing license held by SBCL. Quest transferred the clinical-testing license it acquired from SBCL to Bio-Rad. 10 The terms and conditions of that license agreement were not made public. Bio-Rad obtained other patents related to HH gene products. It began offering ASR for testing of the C282Y and H63D alleles in 2001.
Today, Bio-Rad offers two HH test kits, the mDx HH ASR kit and mDx HH-linked linear amplification ASR test kit. Both kits provide for 24 tests at a cost of $2,016, or $84 per test. A purchase of the kit includes the purchase of a sublicense from Bio-Rad to perform the test. According to some providers, the sublicenses attached to Bio-Rad's kits are more cost efficient than the licenses it offers to laboratories that develop and offer their own mutation testing or "in-house" assays. 10 However, Dr Michael Watson at the American College of Medical Genetics indicates that, at least initially, the Bio-Rad test kit's inferior performance essentially forced laboratories to develop their own "in-house" tests, which would require paying the higher fee for a sublicense. Such a sublicense includes up-front payments that are inversely proportional to the testing volume of the laboratory plus a per test fee, which was $20 in 2002. 10 It is not known what sublicensing fees are currently paid by laboratories that offer tests they have developed in-house, also known as "home-brews." The CDC review of analytic validity of HFE testing noted that because Bio-Rad owned the patent for HH, no other commercially available manufactured reagents were available for this test. 17 However, ASRs for mutation detection using other platform technologies have become available more recently. For example, ASRs are offered by Nanogen Inc, 27 with sublicenses from Bio-Rad and presumably BRI too.
Impact of IP and licensing on clinical genetic testing for HH
Despite the presence of IP on clinical testing methods, laboratories around the country were performing HH screening on patients before and after the Mercator patents issued. 17 In a study of 128 U.S. laboratories identified as capable of offering the HFE test, with 119 of those laboratories responding, 58 laboratories indicated that they were performing HFE testing by 1998. 28 Thirty-five of the 58 laboratories were conducting the testing after the Nature Genetics article published in August 1996 identifying the mutation, but before the patent issued in January, 1998. 28 Fifty-four of the 58 laboratories conducting the test received letters from SBCL informing them of the HH IP and offering a sublicense. 10 Ninety-one percent of the interviewed laboratories were aware of the HFE patents and 36 revealed that the patents contributed to their decisions not to offer the test. 10 Five laboratories, out of the initial 128 sample, or 4%, chose to stop performing the test. Of these five laboratories, two stated that the reason to stop testing was patents. One laboratory stated that patents were one of several reasons for abandonment of the HH test. Two additional laboratories stated that patents were not a reason for their decision to abandon the test. Commercial reasons (e.g., lack of adequate volume to cover fixed costs) appeared to be the predominant reason why these laboratories stopped performing the test (J. Merz, University of Pennsylvania, personal communication, 2008). 28 As of May 2007, the GeneTests database (www.genetest.org) listed 37 U.S. laboratories performing targeted mutation analysis for HH. A sampling of 17 of those 37 laboratories revealed a list price for targeted mutation analysis that fell between $125 and $467 indicating a significant range in prices. (The sample was conducted by informal telephone conversations with laboratory staff on April 6, 2007. The providers were surveyed for their laboratory's "list price" for HFE testing. In some situations, staff offered both the individual list price and the insurance list price. Appendix 5.) By way of comparison, a study noted that the cost of HFE-genotyping in Australia cost less than $28. 21 The variability in American pricing may be because of several factors, including variability in methods of mutation testing, reagents costs for each method, and potentially licensing fees to perform HH testing. Some laboratories may perform "home-brew" assays with relatively low reagent costs. In these cases, one must consider the cost of the technical time for reagent preparation and the quality control/quality assurance costs. The costs of ASR can be relatively high compared with traditional biochemical assays. At the same time, savings in technical staff time for preparation and quality control/quality assurance can offset reagent costs. For screening, the relevant figure is the cost per patient tested, not the cost per mutation tested; a diagnostic test may entail running the test case and controls, which also consume reagents covered by the reagent kits. 17 The exact economics of HFE mutation testing for HH are therefore not completely transparent. The cost of the IP is a minimum of the $20 per test fee and could be higher, depending on how licensing fees are structured into reagent costs that come with associated patent licenses.
COST EFFECTIVENESS OF SCREENING FOR HFE MUTATIONS
Several studies on the cost-effectiveness and benefits of genotypic screening for the common disease-causing alleles on the HFE gene have been performed. As recently reviewed by Phatak et al., these studies provide evidence that screening would improve health status. However, all the studies reviewed support the use of biochemical tests rather than genetic tests as the initial test. 29 In 1999, Adams et al. reported that the genotypic screening of voluntary blood donors and their siblings by genotyping would be less expensive than phenotypic screening with biochemical tests if the genetic test cost less than $28. However, if the genetic test cost $173, then it would cost nearly $110,000 to identify a homozygote with a potentially lifethreatening disease. The cost per homozygote identified also increased with decreasing penetrance of the disease. A 10% penetrance (i.e., 10% of those individuals with the relevant mutation actually have HH) resulted in nearly $400,000 in costs per individual identified. 30 A literature review and synthesis conducted by Whitlock et al. for the U.S. Preventive Services Task Force provides some outline of the cost effectiveness of HFE screening. However, it could not determine the cost-effectiveness of screening because of uncertainties associated with penetrance of disease in individuals with C282Y mutations, poorly defined natural history of disease progression, and variable prevalence of HFE mutations in different ethnic populations. 9 HH testing would not be as effective as the control procedures without evidence establishing that the prevailing symptoms are caused directly by or associated with iron overload. The review outlined several studies suggesting that while members of the general population with symptoms or signs consistent with HH did not have higher levels of C282Y homozygosity, patients in a liver clinic prescreened for higher TS levels, hospitalized diabetic patients, and patients referred to specialists for chronic fatigue and arthralgias did. 9 Studies have suggested that most individuals with the genetic abnormality do not have shortened life expectancy or progression of disease when compared with control groups. 12, 31 Morbidity and mortality in HH are related to the presence of iron overload in the blood, tissue, and organ systems, not the HFE mutation, per se. 32 End organ damage is related to the severity of iron overload and reduces life expectancy. 4 One study suggests that HFE screening is cost effective if the proportion of C282Y homozygotes that develop end organ damage when left untreated is over 20%. 4 Allen et al. 33 recently reported that nearly 28% of men and 1% of women with C282Y homozygosity will develop iron overload disease.
To assess the cost-effectiveness of genotype screening for HH, a study would need to address: (1) the prevalence of HH; (2) the probability of developing disease manifestations and cost of managing them; (3) the cost of the screening test; (4) the cost offsets of screening and diagnosis compared with costs avoided by early detection or more effective management; and (5) the discount rate, to accommodate the separation in time from detection to health benefit.
In a recent comprehensive analysis, Gagne et al. 34 evaluated the cost effectiveness of 165 population screening algorithms using biochemical and genetic tests in a simulated virtual population with user defined demographic characteristics including variable HFE mutation frequencies and penetrance. Biochemical penetrance was used as an intermediate phenotype in this study. In the 165 algorithms used in 91 virtual populations of a million individuals, biochemical screening tests were more cost effective than genetic tests when used as the initial test. Genetic testing was once again found to be most cost effective when performed as the final confirmatory step. 34 HFE gene testing for the C282Y mutation is a cost-effective method of screening the siblings and children of patients with HH. 32 The authors incorporated serum iron studies among persons homozygous for C282Y and compared a no-screening strategy with four screening strategies for HH. All the strategies were developed for treating children and siblings of probands, except for one when the spouse was also given a genetic test. This exception strategy was only applied to children. The study recommended a four-step clinical intervention: "(1) serum iron studies; (2) gene testing of the proband. If the proband is [without a C282Y mutation], the spouse undergoes gene testing; if he or she is heterozygous [for the C282Y mutation], the children undergo gene testing; (3) gene testing of the proband; if he or she is homozygous, relatives undergo gene testing; (4) direct gene testing of relatives." 32 The study concluded that "HFE gene testing of the proband was the most cost-effective strategy for screening one child," with an incremental costeffectiveness ratio of $508 per life-year saved. 32 For screening two or more children, the second most cost effective strategy was "HFE gene testing of the proband followed by testing of the spouse." 32 There, the incremental cost-effectiveness ratio was $3665 per life-year saved. The study also concluded that "in siblings, all screening strategies were dominant compared with no screening" and that "strategies using HFE [genetic] testing were less costly than serum iron studies." 32 The greater cost-effectiveness of this sequential algorithm, which incorporates genetic testing but does not use genetic testing as the first step, is because the relatively high cost of genetic testing is incurred only in cases where risk is higher than average. The use of clinical genetic testing to confirm a diagnosis of HH among those with iron overload, in this conceptual framework, is an "indicated" preventive intervention targeted at asymptomatic individuals who have evidence of iron overload based on inexpensive biochemical screening tests. Here, we borrow from the terminology of Gordon's classification of preventive strategies, using genetic testing as one step in the prevention strategy. 35 Phatak et al. recommend selective or "targeted" screening in groups whose risk is elevated such as adult men Ͼ25 years of age of Northern European ancestry and first degree relatives of patients with known HH. 29 
CONCLUSIONS AND DISCUSSION
HH was selected for study to assess the impact of patenting and licensing practices on access to genetic testing. By using the conceptual framework developed for a parallel literature synthesis, we now consider what lessons might be learned from this case.
Research
We considered whether the gene patents in question either accelerated or retarded the original discovery that ultimately led to the development of HH mutation analysis and genetic testing. Initially, the discovery of the HH-related genes was characterized as a "race," which was won by Roger K. Wolff and his colleagues of Mercator Genetics in Mountain View, California. The scientists knew that the gene for HH resided on chromosome 6, but were unable to pinpoint it. They suspected that most people with HH had the same mutations and invested heavily in research to find such mutations. Studying a group of 178 people with iron-overload disease from across the country, the researchers identified a segment of DNA that all patients had in common and used that information to scour that region of chromosome 6 in search of specific mutations. After a long search, they determined that two mutations accounted for 87% of iron-overload patients in the study and published their findings in the August 1996 issue of Nature Genetics. 26 French and Australian scientists verified these findings a few months later, publishing their findings in the November issue of that same journal. 36 -38 There is no evidence that the patent retarded the original discovery. On the contrary, the potential of revenues from diagnostic testing may have provided added incentive for basic research linking HFE mutations to HH by drawing Mercator into the race. Of Mercator's four original patents, the first was filed on May 8, 1995 and the last was filed May 23, 1996 (Appendix 1). The May 1995 patent application predates the submission of the Nature Genetics article by over 1 year. While some speculated that patenting and commercial positioning might account for the delay, Dr. Dennis Drayna, who was a cofounder of Mercator Genetics and a senior author in the 1996 Nature Genetics paper, indicated that "there was no attempt to delay publication for commercial or competitive reasons" (D. Drayna, National Institutes of Health, personal communication, 2008) . He said that delay in publication simply resulted from the time taken for scientific review and subsequent efforts to address reviewers' comments and criticisms before resubmitting the manuscript. In fact, he believes that the opposite was true and that it was in Mercator Genetics's best interest to publish their results as early as possible. In Dr. Drayna's opinion, "Early scientific discoveries are essential for raising subsequent rounds of funding from additional investors, and publication of scientific discoveries is paramount to the maintenance of an ongoing enterprise. Laboratory discoveries are trumpeted as loudly and quickly as possible, which is basically what Mercator Genetics did" (D. Drayna, personal communication, 2008).
Dr. Margit Krikker, medical director of the Hemochromatosis Foundation, opposed Mercator's approach to patenting in a 1996 AP story published in the New York Times. " [She] complained about the way Mercator was handling the discovery, saying that by filing a patent for the gene, Mercator had limited other scientists' research opportunities." 39 We found no evidence to corroborate this assertion. Substantial basic and clinical research on the genetics of hemochromatosis has continued since the discovery of HFE, including identification of genes and mutations associated with other types of hemochromatosis, suggesting patents have not blocked further research and development. We cannot eliminate the possibility of a "chilling effect" from fear of patent prosecution, but in 2007 and 2008, it did not emerge as a major controversy, as it appears to have been at the time of the patent and again in 2002.
However, negotiating licenses for the use of HFE patents may have contributed to a several-month delay in initiating research conducted as part of the Hemochromatosis and Iron Overload Screening Study (HEIRS) sponsored by the National Heart, Lung and Blood Institute (NHLBI). The purpose of HEIRS is to determine the prevalence, genetic and environmental determinants, and potential clinical, personal, and societal impact of iron overload and HH, in a multicenter, multiethnic, primary care-based sample of 100,000 adults. Dr. Michael Watson, Executive Director of the American College of Medical Genetics, indicated that "the study was delayed by nearly 6 months" because Third Wave Technologies needed a sublicense from Bio-Rad Ltd for the use of patents covering HFE mutations (C282Y and H63D) for the Invader™ assay ASRs (M. Watson, American College of Medical Genetics, personal communication, 2007). Dr. Eckfeldt, another prominent researcher in HEIRS, confirmed that the study was indeed delayed between 4 and 6 months but indicated that start-up logistics also con-tributed to this delay. A modified Invader TM assay was used for all HFE genotyping in the study. 40 NHLBI paid Bio-Rad a license fee to access HFE patents for genetic testing performed as part of HEIRS, because the study was designed to return test results to the nearly 100,000 patients enrolled and their physicians. Dr John Eckfeldt stated that the royalty fee per test paid to Bio-Rad was reasonable, although the exact amount is confidential and protected by nondisclosure agreements. He also noted that "considering that 100,000 subjects were screened, the overall cost to NHLBI was quite substantial" despite a nominal fee per test. Bio-Rad subsequently granted a general sublicense to Third Wave Technologies. Until recently, Third Wave offered HFE custom ASRs as a service. After the acquisition of Third Wave by Holologics Inc., in June 2008, custom ASRs for HFE are no longer being marketed. 41 
Development
Within 1 year of the Nature Genetics publication, Mercator announced that it was developing a blood test for HH genotype testing. The company pointed to the ultimate goal of populationwide screening for HH, whereby all persons, not just those at higher risk for the mutation, would be tested. 38 As demonstrated above, laboratories without IP rights on the HFE gene developed genetic tests for the mutations based on the Nature Genetics article before the patent issued. This suggests that information on the gene sequence and its associated mutations was sufficient for other clinical providers to develop and offer genetic testing for HFE. 28 
Commercialization
Mercator Genetics, the company that first patented the HFE gene and its corresponding mutations, was founded by a group of doctors and genetic researchers from Stanford Medical School and the Silicon Valley biotechnology sector. Mercator Genetics described itself as a "gene discovery company" that focused on the identification of genes responsible for major diseases. Mercator's business model consisted of positional cloning to discover genes of interest and then capitalizing on the development of diagnostic tools associated with those genes. 42 Financial support was solicited from the pharmaceutical industry and venture capitalists like Robertson Stephens & Co., Interwest Partners, and Oak Investment Partners. 42 Investment was possibly tied to the prospect of patents. According to Dr. Dennis Drayna, "Mercator Genetics was conceived and raised funding on the basis of a far broader agenda. Hemochromatosis was never mentioned in any of the discussions that preceded funding of the company. HH was settled on as a research and commercial target during later discussions with the Scientific Advisory Board. The choice of a diagnostic as a commercial target, as opposed to our competing genomics companies who mostly worked toward therapeutics as commercial targets, generated some discussion at the time, as the investors had already committed their funds" (D. Drayna, personal communication, 2008). Mercator was not only "racing" to clone the HH gene but also to search for genes linked with complex diseases like asthma, schizophrenia, prostate cancer, and cardiovascular disease. 38 However, Dr. Drayna said, "While the company did work in a number of other disease areas, these were either small exploratory efforts (such as Werner Syndrome and narcolepsy), or were the subject of primarily business transactions. There was never any work in the laboratory on asthma, schizophrenia, prostate cancer, or cardiovascular disease at Mercator Genetics" (D. Drayna, personal communication, 2008). Mercator placed second or later and thus lost to Darwin Molecular Corporation in the "race" to patent the gene for the aging disorder Werner's syndrome. 42 Ultimately, the company's only successful entry in a patent race was the search for HFE and its mutations. Mercator Genetics's most valuable IP assets were patent rights to HFE and its mutations. In 1997, after expending $10 million on developing its method of positional cloning and discovering the association between HFE mutations and HH, Mercator went out of business and merged with Progenitor in 1997, which received rights to Mercator's pending and issued patents. 10 Dr. Drayna believes that "Mercator Genetics . . . was a clear scientific success in the face of exceptionally widespread competition. It was less of a business success largely due to medical, social, and political factors surrounding the adoption of genetic testing on a widespread basis" (D. Drayna, personal communication, 2008).
Progenitor obtained rights to Mercator's HFE patents and was readying its first initial public offering (IPO) when it was sold to SmithKline Beecham Laboratories, which received assets from both Mercator and Progenitor. Progenitor anticipated an IPO price between $10 and $12 per share and proposed funding its acquisition of Mercator with $22 million of Progenitor Common Stock, based on an IPO price. 43 Again, the value of Progenitor was largely based on the perceived value of its IP more than tangible assets.
Communication/marketing
There is no evidence that the patented HFE mutation analysis test was ever marketed using direct-to-consumer marketing, although the idea was considered originally. Outside of Mercator's promotion activities, organizations committed to HH awareness have led their own marketing campaigns. After the gene discovery in 1996, Margit Krikker of the Hemochromatosis Foundation bought an advertisement in the New York Times to alert the public to the deadliness of HH. The Foundation was frustrated over the lack of interest in HH displayed by federal officials and wanted to mount an awareness campaign. Another early and active proponent of communicating Mercator's discoveries was the American Liver Foundation (D. Drayna, personal communication, 2008). The AHS designated May 2007 as "National HH Genetic Screening & Awareness Month." It asked its membership to contact local newspapers, TV, and radio stations with AHS press releases that connected screening to saving lives. 44 The CDC has also made detailed information available about diagnosis of hemochromatosis for physicians and the use of genetic testing in family-based testing for hemochromatosis. 45 However, in the absence of family history, CDC recommends genetic testing for HFE mutations only as the confirmatory step of their testing protocol after the appropriate biochemical tests for iron overload (TS and SF) have been conducted. 46 The HH genetic test is currently also available directly to consumers through DNAdirect. Otherwise, HH testing is primarily offered to consumers by health care providers.
Adoption
Shortly after the HFE gene discovery, the CDC considered recommending widespread screening for HH and considered advising doctors to order a gene test for all patients 18 years or older. That recommendation has not been made because of inconclusive evidence on the penetrance of HFE mutations and cost-effectiveness of the test. Dr. Dennis Drayna, a Mercator cofounder and NIH molecular geneticist, argued enthusiastically for broad HH genetic screening at a 1997 Ethical, Legal, and Social Issues meeting associated with the Human Genome Project. 47 Ethical, legal, and social concerns such as fear of genetic discrimination and questions over whether it made sense to "diagnose people based on genotype and not health" were raised as criticisms. 47 An account of this meeting suggested that the market would determine whether insurance companies and health maintenance organizations adopted the test to save money in HH complications like liver transplants. 47 A recent study, which measured the extent of employment and health insurance problems associated with population screening for HH and iron overloads, found that at 1 year after genotypic and phenotypic screening, only 0.4% of individuals surveyed (3 of 1154 individuals) reported any problems. Problems primarily involved life insurance and long-term care insurance coverage. However, none of the affected individuals reported problems with health insurance coverage or employment. The outcome suggests that genetic discrimination concerns are much lower than originally anticipated. 48 It also suggests, however, that they occur in forms of insurance, long-term care and life insurance, that are not covered by the Genetic Information Nondiscrimination Act passed in 2008 (which begins to take effect in 2009 and 2010).
Insurance companies and at least one Medicare carrier have adopted HH genotype testing but not as the broad screening test initially conceived. Rather, HH genotyping is usually a second-level test conducted after less expensive biochemical tests suggest HH or to test family members of identified HH homozygotes. Insurance policies may cover HH testing if it comports with "medical necessity." To be eligible for testing, the insured individual will likely need to meet defined conditions for testing that in some plans are enforced by preauthorization requirements, such as (1) prior blood test indicating iron overload; (2) family history of HH; or, (3) member of a family with a known HH mutation. Cost is not cited as an explicit criterion, and patents may not have a direct or significant effect on the decisions to cover the test by insurance providers. However, patents did affect which laboratories offered the test and which laboratories decided to cease testing after patent enforcement by SBCL. 28 Yet, the majority of laboratories continued to offer the test either with or without a sublicense. As noted earlier, several providers offer these tests currently and presumably interact with a range of carriers for insurance reimbursement.
Consumer utilization
The HFE test is not available as an initial, universal screening test along the lines originally envisioned. Consumers typically access the tests through clinical laboratories by their physicians. Appendix 5 provides a sample of some laboratories, their services, and their costs. At least 37 laboratories offered HFE genetic testing as of May 2007. Additional providers not listed on Genetests.org may also offer this test. The test is also easily obtainable without physicians serving as the conduit for HH testing. DNAdirect, a direct-to-consumer genetic testing service, offers HH genetic testing for $199. Consumers using this service can thus choose to avoid involving a doctor or notifying their insurance company. 49 DNAdirect sends consumers a test collection kit in the mail that includes cotton swabs for cheek swabbing and a postage-paid envelope to mail the swabs back to the laboratory for DNA analysis. Unlike most directto-consumer testing outlets, DNAdirect offers genetic counseling with the test results. DNAdirect provides forms, CPT Codes, and Letters of Medical Necessity for consumers seeking reimbursement from insurance or health plans. The service also offers anonymity and explains why anonymity might be desirable because of the potential of genetic discrimination. Because the $199 price tag is less than several of the clinical laboratories offering the test (Appendix 5), consumers with or without a family history of HH but with some means can easily obtain results, provided that they do not seek insurance reimbursement (insurance coverage would generally be confined to high-risk individuals meeting iron overload or family history criteria). However, DNAdirect and its counterparts are not FDA-regulated, and there is no peer review of the tests' accuracy, although the tests themselves are performed in CLIA-approvedlaboratories. 50 Our study does not provide information regarding the impact of patents on under-or over-utilization of the HFE genetic test. Test utilization would need to be ascertained more systematically by surveying providers about how frequently the test is ordered and matching clinical indication to test use.
We did not uncover evidence about whether consumers are denied coverage for HH genetic tests. Direct assessment of test utilization and the frequency of inability to receive testing because of insurance coverage problems will help address the issue of patient access more comprehensively.
